The entorhinal cortex (EC) is one of the most vulnerable brain regions that is attacked during the early stage of Alzheimer's disease (AD). Here, we report that the synaptic terminals of pyramidal neurons in the EC layer II (ECII PN ) directly innervate CA1 parvalbumin (PV) neurons (CA1 PV ) and are selectively degenerated in AD mice, which exhibit amyloid-β plaques similar to those observed in AD patients. A loss of ECII PN -CA1 PV synapses disables the excitatory and inhibitory balance in the CA1 circuit and impairs spatial learning and memory. Optogenetic activation of ECII PN using a theta burst paradigm rescues ECII PN -CA1 PV synaptic defects and intercepts the decline in spatial learning and memory. These data reveal a novel mechanism of memory loss in AD mice via the selective degeneration of the ECII PN -CA1 PV pathway.
INTRODUCTION
The deposition of senile plaques, which primarily consist of amyloid-β peptide, is a major pathological hallmark of Alzheimer's disease (AD) and has long been considered to be associated with a progressive loss of central neurons in certain regions of the brain. [1] [2] [3] However, recent studies have shown that spatial learning and memory impairment, an early clinical sign of AD, is caused by synaptic dysfunction rather than neuronal loss, as evidenced in both human patients and transgenic mutant mice. [4] [5] [6] The postmortem hippocampi of AD patients show substantial decreases in synaptic density compared with age-matched controls. In Tg2576-APPswe mice (AD mice) that carry a transgene coding for the 695-amino acid isoform of the human Alzheimer β-amyloid precursor protein with the Swedish mutation and that exhibit plaque pathologies similar to those in AD patients, synaptic strength in the hippocampus exhibits an age-dependent decay preceding the presence of senile plaques. [7] [8] [9] [10] These data suggest that early synaptic defects are correlated with the onset of behavioral impairments; however, the direct contribution of these defects requires further study.
Excitatory pyramidal neurons in the entorhinal cortex (EC, EC PN ) that primarily target the hippocampus are the most vulnerable brain cells attacked in the early stage of AD. [11] [12] [13] Previous studies showed that EC PN in layer II (ECII PN ) and layer III (ECIII PN ) regions innervate CA1 pyramidal neurons (CA1 PN ) for spatial memory. [14] [15] [16] [17] A surgical lesion of EC PN inputs to CA1 PN impairs spatial representations. 18, 19 A recent report demonstrated that ECII PN axon terminals form excitatory synapses directly with γ-aminobutyric acid interneurons in the CA1 hippocampus (CA1 IN ), and this direct pathway is an essential circuit for temporal association memory. 20 However, several types of CA1 IN are expressed in the adult brain, and the types of CA1 IN that receive excitatory inputs from ECII PN remain unknown.
Here, we discovered that ECII PN directly innervate the parvalbumin (PV) subtype of CA1 IN (CA1 PV ). We showed that this ECII PN -CA1 PV pathway is selectively degenerated in an early stage of AD. Furthermore, optogenetic activation of ECII PN -CA1 PV synapses with a theta burst stimulation (TBS) paradigm effectively intercepted the progression of ECII PN -CA1 PV synaptic decays and improved spatial learning and memory in AD mice.
MATERIALS AND METHODS Animals
All mice used in this study were bred and reared in the same conditions in accordance with institutional guidelines and the Animal Care and Use Committee (Huazhong University of Science and Technology, Wuhan, China) of the university's animal core facility. The mice were housed in groups of three to five per cage under a 12-h light-dark cycle, with lights on at 0800 h, at consistent ambient temperature (21 ± 1°C) and humidity (50 ± 5%). The AD (Tg2576-APPswe) mice used in this study were identified as homozygous. In the present study, male mice were used to avoid behavioral variabilities between genders. All the experiments and analyses were performed blind to genotype or treatment.
Generation of the mutant mice
To determine a direct synaptic connection between ECII PN and CA1 PV , we created a mutant line of mice with a loxP-flanked STOP sequence followed by the avian viral receptor TVA and rabies G and mCherry (TVA/G flanked PGK-FRT-Neo-poly-A cassette. This entire construct was inserted into the Gt(ROSA)26Sor locus via electroporation in C57BL/6-derived embryonic stem cells. The targeted embryonic stem cells were selected and injected into C57BL/6 blastocysts, and chimeric animals were bred to C57BL/6 mice. When bred to PV-Cre knock-in mutant mice (The Jackson Laboratory, Bar Harbor, ME, USA, Stock No. 008069), in which Cre recombinase was expressed in PV neurons, the mice expressed TVA/G in PV neurons (PV TVA/G+/+ mice). A high titer (200 nl of 3 × 10 9 genomic particles per ml, provided by Dr Fuqiang Xu at the Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences) of the Enva-ΔG-rabies virus encoding enhanced green fluorescence protein (eGFP) was stereotaxically injected into the CA1 hippocampus of the PV TVA/G+ mice, leading to a specific monosynaptic retrograde labeling of the CA1 PV presynaptic cells, including CA1 PN and ECII PN .
To express ChR2-eGFP in the ECII PN of AD mice, we created a mutant strain of mice that had a loxP-flanked STOP sequence followed by the ChR2 (E123A)-eGFP. The Rosa-CAG-Flag-ChR2-eGFP-WPRE targeting vector was designed using a CMV-IE enhancer/chicken β-actin/rabbit β-globin hybrid promoter (CAG), an FRT site, a loxP-flanked STOP cassette, a FlageGFP sequence, WPRE (to enhance the mRNA transcript stability), a poly-A signal and an attB/att-flanked PGK-FRT-Neo-poly-A cassette. This entire construct was inserted into the Gt(ROSA)26Sor locus via electroporation in C57BL/6-derived embryonic stem cells. The targeted embryonic stem cells were selected and injected into C57BL/6 blastocysts, and chimeric animals were bred to C57BL/6 mice (ChR2 loxP/loxP ). We next created rAAV1/2-D28K-Cre virus particles. We designed the rAVE-D28K-Cre vector via the insertion of a Cre recombinase sequence immediately downstream of the calbindin 1 (or calbindin-D28K, D28K) translational STOP codon through Apal/Kpnl. The rAVE plasmids were co-transfected with the AAV helper1/2 mixers into HEK293 cells to generate the rAAV1/2-D28K-Cre virus particles with a high titer (45 × 10 12 genomic particles per ml), as described previously. 21, 22 The virus particles (1.5 μl) were bilaterally injected into the superficial layer of the EC of AD/ChR2 loxP/loxP and control/ChR2 loxP/loxP mice, resulting in ChR2-eGFP expression in the ECII PN of the AD or control mice (AD/ECII PN ChR2+ and control/ECII PN ChR2+ mice, respectively). As shown in Figure 3 and Figures 4b and c, eGFP was expressed in the CA1 PV of the AD/ECII PN ChR2+ mice due to the injection of 2 μl of a high titer (3 × 10 − 13 genomic particles per ml) of the rAAV1/2-PV-eGFP virus directly into the CA1 hippocampus of the AD/ECII PN ChR2+ mice or control/ECII PN ChR2+ mice.
Optogenetic stimulations
The mice were anesthetized with 6% chloral hydrate (0.06 ml per 10 g; intraperitoneally). Four tetrodes of twisted 17 μm HM-L coated platinumiridium (10% or 20% platinum, #100-167, California Fine Wire, Grover Beach, CA, USA) wire were connected to a microdrive to enable dorsoventral adjustment of the tetrodes after surgery. The tetrodes were directly positioned above the recording site. The microdrive was secured to the skull using jeweler's screws and dental cement. A jeweler's screw fixed to the skull served as a ground electrode. Daily screening for cells and behaviors began according to the experimental procedure. The tetrodes were lowered slowly over several days in steps of 30 μm.
A 200 μm-diameter, unjacketed optical fiber (Ocean Optics) bound to the tetrode-contained silicone tube (166 μm) was bilaterally implanted into the ECII regions (anteroposterior: 4.8, mediolateral: 2.8 and dorsoventral: 3.5-4.0; locations were validated by electrolytic lesions after light stimulation) and secured to the skull using jeweler's screws and dental cement. The animals were used for the experiments 7 days after the TVA/G+ cells (yellow, arrow) and monosynaptic retrograde labeling of CA1 PN and ECII PN (green, arrowheads). Similar results were observed in each of the five male C57Bl/6 mice at 120 ± 2 days of age (n = 5 mice per group). EC, entorhinal cortex; eGFP, enhanced green fluorescence protein; PV, parvalbumin. , similar results were observed in each of the five male C57Bl/6 mice at 120 ± 2 days of age (n = 5 mice per group). EC, entorhinal cortex; eGFP, enhanced green fluorescence protein; PV, parvalbumin.
implantation. Light pulses and TBS were generated using a 473 nm laser (DPSS laser, Anilab Software & Instruments, Ningbo, China) controlled via a computer. The laser power was regulated according to the penetration rate of the fiber in the electrode, and the final laser power ranged from 0.1 to 5 mW mm
For TBS treatment, the male AD mice at 120 days of age that had the breeding condition, body weight and behavioral activities, similar to those of the age-matched control mice were randomly selected for the treatment. ECII PN were stimulated using blue light pulses that consisted of 10 trains of stimuli at 10 s intervals, with each train containing bursts of four spikes at 100 Hz and repeated 10 times at 5 Hz, where the duration of each spike was 5 ms using a 473-nm wavelength laser at power densities ranging from 0.1 to 5 mW mm − 2 using a DPSS laser (Anilab). The mice received bilateral TBS stimulations once per day for 35 consecutive days. The mice were used for the experiments 25 days after the treatment. In this study, TBS treatment was done by the experimenter (XY) who was unaware of the genotypes.
Extracellular single-unit recording Extracellular single-unit and local field power spectrum, recordings were made from the CA1 neurons (anteroposterior: − 1.7, mediolateral: 1.0 and dorsoventral: 0.5-0.8 target to CA1). The mice were connected to the recording equipment via AC-coupled unity-gain operational amplifiers (Plexon, Dallas, TX, USA). The signals were amplified 4000-to 8000-fold. The spikes and local field potentials were recorded at the same time and isolated using a 250 Hz lowpass filter and a 250 Hz highpass filter of the commercial software OmniPlex (Plexon). In this study, the recordings in Figure 4 were done by the experimenter (TT) who did not know whether the mice were treated with or without TBS treatment.
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Spike sorting and analysis
Spike sorting was performed offline using graphical cluster-sorting software (Offline Sorter, Plexon). To estimate the quality of the cluster separation, we calculated the isolation distance and the L-ratio using Plexon SDK (www.plexon.com/software-downloads/SDK). Only the units with an L-ratio less than 0.05 and a distance greater than 15 were included. To isolate and analyze spike units from individual neuronal types, we calculated the valley-to-peak time and the half-width of the spikes. Spikes in CA1 PN were identified and distinguished from the CA1 IN based on the duration of the negative spike, the firing pattern (complex spikes) and the low-average firing rate. Spikes in the CA1 PV were validated via light stimulation of the CA1 PV ChR2+/+ neurons of PV ChR2+/+ mice, which were generated by crossing ChR2 loxP/loxP mice with PV-Cre mice. The average firing rate was expressed as the total number of spikes divided by the total length of the recording period.
Local field power spectrum
The local field power spectrum from 0 to 100 Hz was computed before, during and after TBS treatment. For the local field power spectrum trace, a 4-10 Hz bandpass filter was used to separate the theta band and a 30-90 Hz bandpass filter was used to divide the gamma band. For the power spectra analysis, the power spectra were averaged separately before and after TBS treatment. In AD mice, the TBS stimulations of the ECII PN generated theta oscillations in the CA1 neurons. Light stimulation of the ECII PN at 20-30 Hz generated gamma oscillations and, in some cases, enhanced theta oscillation several seconds after the 20-30 Hz stimulation.
Place field analysis For place cell recordings, the optical fiber was cut off and a custom-made tetrode was implanted via a pre-drilled hole (above the CA1) and secured to the skull using dental cement. After 3-4 days of recovery, daily screening for cells and spontaneous behaviors were initiated in an open field. A tracker system (CinePlex, Plexon) was used to record the position of a red LED attached to the head stage. The place field analysis was performed using the commercial software Neuroexplorer (Plexon). the spike density and position (animal coordinates) were sampled synchronously and a rate map was calculated for pixels of 5 × 5 cm that were visited by the mice. In all the groups, all pyramidal units that had average firing rates above 0.25 Hz were included in the analysis. We also defined the 'place field' as a contiguous region of at least 8 pixels (200 cm 2 ) in which the firing rate exceeded 20% of the peak rate. The 'place field size' was considered the largest detected field size. The 'information density' was estimated as how much information a single spike conveys and was defined according to a previously described formula. 18 
Electrolytic lesions and immunohistochemistry
Electrolytic lesions were induced after the in vivo recording or stimulation treatment via the pre-moded electrode above the skull or a multi-electrode connected to an external electrical source. Electrolytic lesions were induced using a constant direct current of 1.0 mA for 20 s. The mice were killed via an intraperitoneal injection of an overdose of chloral hydrate and were then transcardially perfused with 100 ml saline (0.9% w/v NaCl) followed by 4% paraformaldehyde. The brains were removed and postfixed in 4% paraformaldehyde. Thirty-micrometer sagittal or horizontal sections were cut (Leica Microsystems, Wetzlar, Germany). Immunohistochemistry was performed on free-floating brain sections, as described previously, using anti-calbindin-D-28 K (1:1000, AB1778, Millipore Sigma, Merck, Darmstadt, Germany) or anti-CaMKII (1:2000, AB3865, Millipore Sigma), anti-DAPI (1:500, AB156693, Abcam, Cambridge, UK), anti-reelin (1:500, AB138370, Abcam), β-amyloid or 17-24 (4G8) monoclonal antibody (1:1000, NE1002, Millipore Sigma).
Open-field tests and rotarod test
Locomotor activity was measured within clear boxes measuring 100 cm × 100 cm and outfitted with photo-beam detectors for monitoring horizontal and vertical activity, as described previously. 21 The data were collected via a PC and were analyzed using the MED Associates' Activity Monitor Data Analysis software. The mice were placed in a corner of the open-field apparatus and allowed to move freely. The variables recorded included resting time (s), ambulatory time (s), vertical/rearing time (s), jump time (s), stereotypic time (s) and average velocity (cm s
). The mice were not exposed to the chamber before testing. The data were recorded for each individual animal during 30 min intervals. For the rotarod test, the mice were subjected to a 1 -week learning period, after which they were able to perform on an accelerating rotarod. The test was then performed twice per week until the mice were unable to remain on the rotating bar for more than 10 s on three consecutive attempts, which was defined as rotarod failure.
Morris water maze A pool 1.5 m in diameter filled with water was made opaque with a white, nontoxic ink maintained at 25°C. After the final TBS stimulation, the animals were brought to the behavior room (where they were housed for the duration of the training), handled for 1-2 days, and trained, as described previously. [21] [22] [23] [24] The full protocol lasted 7 days. The first training day consisted of a probe trial followed by a 'visible platform' trial, in which the platform was indicated by a red flag. Next, the mice underwent their first 'hidden platform' learning trial, during which they were allowed to rest on the platform for 30 s before being released from one of the pool's starting points (north, south, east or west). The animals were allowed 60 s to find the platform and allowed to remain on the platform for 30 s; if animals did not find the platform within 60 s, they were removed from the water and placed on the platform for 30 s. During days 1 through 6, four trials were performed, corresponding to four different randomized release points. Therefore, the total training took 6 days followed by the 24 h probe on the seventh day. In this study, behavioral tests were done by the experimenter (CY) who was unaware of the genotypes and the treatments. 
Electrophysiology in vitro
Hippocampal slices (300 μm) were prepared as described previously. [21] [22] [23] [24] The slices were transferred to a holding chamber containing artificial cerebrospinal fluid (in mM: 124 NaCl, 3 ) and maintained at room temperature. For whole-cell patch clamp recordings from the CA1 pyramidal cells, hippocampal slices were visualized via IR-DIC using an Axioskop 2FS equipped with Hamamatsu C2400-07E optics (Hamamatsu City, Japan). When stable whole-cell recordings were achieved with good access resistance (~20 MΩ), basic electrophysiological properties were recorded. The miniature excitatory postsynaptic currents (EPSCs) were recorded using an internal solution containing (in mM) 140 potassium gluconate, 10 HEPES, 0.2 EGTA, 2 NaCl, 2 MgATP and 0.3 NaGTP, and an external solution containing 10 μM bicuculline, 1 μM TTX or using 10 μM CNQX and 50 μM APV (miniature inhibitory postsynaptic currents or spontaneous inhibitory PSCs without TTX). The data were collected at 10 kHz and filtered with a lowpass filter at 2 kHz. Miniature events were analyzed in Clampfit 10.2 software (Molecular Devices, Sunnyvale, CA, USA) using template matching and a threshold of 5 pA.
For in vitro optogenetic stimulation, a 405 nm laser was used to activate the ChR2-positive neuron. The evoked EPSCs were recorded from slices in an external solution containing 10 μM bicuculline (Tocris, Bristol, UK) or containing 30 μM CNQX (Tocris) and 50 μM APV (Tocris) for evoked inhibitory postsynaptic currents recordings. Light stimulation (10-30% laser, 5-10 ms) was performed 100 μm forward the recording of CA1 PN 
In this study, the recordings were done by the experimenter (XY) who was unaware of the genotypes and the treatments.
Data analysis
All variance values in the text and figure legends are represented as the mean ± s.e.m. Parametric tests including unpaired two-tailed Student's t-tests and two-way analysis of variance were used where assumptions of normality and equal variance (F test) were met. Significance was accepted for Po 0.01. Power calculations were performed using G*power software v3.1.9.2 (IDRE Research Technology Group, Los Angeles, CA, USA). Group sizes were estimated on the basis of the recent studies [21] [22] [23] and they were made to provide at least 80% power with the following parameters: probability of type I error (α) = 0.05, a conservative effect size of 0.25, three to eight treatment groups with multiple measurements obtained per replicate. Figure 1e) , showing that the ΔG-rabies virus can infect and spread in a retrograde fashion across monosynaptic connections. In addition, we observed ΔG-rabies-eGFP expression in a group of ECII PN (ECII PN eGFP+ , Figure 1e ). ΔG-rabies-eGFP expression was undetectable in ECIII PN and mCherry + PV cells in the mEC region. These results demonstrate that CA1 PV receive synaptic inputs directly from ECII PN . Recent reports have revealed two major groups of excitatory ECII neurons-ocean cells and island cellswhich differ in their molecular markers, anatomical features and projection targets. 20, 25 Our studies using immunostaining showed that ECII PN that directly innervate the CA1 PV were co-labeled with antibodies against Wfs1 and D28K proteins, but not reelin, and hence, these cells made up a group of island cells (Supplementary Figure S1) .
RESULTS

ECII
To determine the functional properties of the ECII PN -CA1 PV pathway, we engineered ECII PN expressing channelrhodopsin-2-E123A (ChR2), a modified version of a light-gated cation channel. 26 Specifically, we created a conditional line of mutant mice with the expression of a double-floxed inverted open reading frame of ChR2-eGFP (ChR2 loxP/loxP mice). We also constructed the type 1/2 recombinant adeno-associated (rAAV1-/2)-D28K-Cre virus vector, in which Cre recombinase was expressed under control of the D28K promoter (Figure 2a) . A high titer of the virus particles was injected directly into the ECII of ChR2 loxP/loxP mice. Thirty days after the injection, the brain sections were imaged (Figures 2b and c) and stained with an antibody against D28K (Figure 2d) , which was expressed in the ECII PN.
20,27-29 The ChR2 + cells were reactive to an antibody against CaMK-IIα (Figure 2e) . Together, the findings showed that AAV1/2-induced ChR2-eGFP expression was primarily located in excitatory ECII PN (ECII PN ChR2+ mice). A specific expression of functional ChR2 channels in ECII PN of ECII PN ChR2+ mice was observed in whole-cell patch clamp recordings, which revealed blue laser light illuminations of ECII PN -evoked action potentials in ECII PN , but not in ECIII PN (Figure 2f) , and reliable EPSCs in CA1 PV (the maximal amplitude of 172 ± 13 pA, mean ± s.e.m., n = 28 recordings per five mice; Figure 2g ). The mean latencies were 1.98 ± 0.26 ms (n = 28 recordings per five mice, mean ± s.e.m.), which is in line with monosynaptic transmission. Under the same intensities of light illuminations of ECII PN , only small amplitudes of the EPSCs were evoked in CA1 PN (the maximal amplitude of 27.3 ± 3.1 pA, mean ± s.e.m., n = 28 recordings per five mice; Figure 2h ).
Together, these data demonstrate that ECII PN primarily innervates CA1 PV via a direct pathway.
Degeneration of the ECII PN -CA1 PV pathway in AD mice
Having determined a direct synaptic pathway of ECII PN to CA1 PV , we next examined whether this pathway is affected in AD. We prepared hippocampal sections from AD mice (homozygous Tg2576-APPswe mice with C57BL/6 genetic background), which exhibited amyloid-β plaque pathologies similar to those observed in AD patients (Supplementary Figure S2) (Figure 3a ) and CA1 PN (Figure 3b ) were performed on slices prepared from the AD/ECII PN ChR2+ mice at 150 ± 5 days and 180 ± 5 days of ages and from respective age-matched controls. The AD/ECII PN ChR2+ mice at 180 ± 5 days were used for the experiments because they show memory loss at that period of time. EPSCs at a holding potential of − 70 mV were evoked by the delivery of blue laser lights directly to the ECII PN . The average Figure 3a ), but it decreased significantly in the the AD/ECII PN ChR2+ mice at 180 days of age, compared with agematched control/ECII PN ChR2+ mice (83 ± 11 pA versus 167 ± 17 pA; mean ± s.e.m., n = 36 cells per nine mice per group; *P o 0.001, ttests Figure 3a) . The averaged peak amplitude of the evoked EPSCs in CA1 PN was identical between the control/ECII PN ChR2+ mice and the AD/ECII PN ChR2+ mice even when they were at 180 days of age (23.7 ± 2.2 pA versus 25.2 ± 2.3 pA; mean ± s.e.m., n = 36 cells per nine mice per group; P40.5, t-tests; Figure 3b ). Consistent with a reduction in the evoked EPSCs, both the amplitude and the frequency of the miniature EPSCs in CA1 PV of AD/ECII PN ChR2+ mice at 180 days of age decreased significantly compared with the agematched control/ECII PN ChR2+ mice (Figure 3c ). In contrast to CA1 PV , neither the mean amplitude nor frequency of the excitatory events in CA1 PN were altered in the AD/ECII PN ChR2+ mice (Figure 3d) . Together, the findings show that the ECII PN -CA1 PV pathway is selectively degenerated in the AD mice.
Action potential firings decrease in CA1 PV and increase in CA1 PN of AD mice A reduction in ECII PN excitatory inputs to CA1 PV that primarily target the dendrites of CA1 PN would disrupt the excitatory and inhibitory balance of CA1 neural circuits. To test this possibility, we monitored the activity of CA1 cells in freely moving mice by extracellular single-unit recordings. Spike units in CA1 PN and in putative CA1 inhibitory interneurons (CA1 IN ) were classified on the basis of their action potential properties by Matlab, and the CA1 PV units were isolated via optogenetics ( Supplementary  Figures S3a-f) . Specifically, we generated transgenic mice (CA1 PV ChR2+/+ mice) expressing ChR2-eGFP in PV neurons by crossing the ChR2 loxP/loxP mice with the male PV-Cre mice at 120 ± 2 days of age (Supplementary Figure S3c) . Mice at 180 ± 5 days of age were used for the experiments because, during that period of time, synaptic deficits are closely associated with memory loss in AD mice. Due to optogenetic manipulations of CA1 PV , we found that a brief illumination (50 ms pulse) with blue laser lights reliably and repeatedly induced action potential firings in CA1 PV (Supplementary Figure S3d) . The sustained illuminations (500 ms pulse) of CA1 PV (Supplementary Figure S3f) completely eliminated action potential firings in the neighboring CA1 PN in the PV ChR2+/+ mice (Supplementary Figure S3f) . Following the identification of action firings in CA1 PV , we evaluated the excitatory and inhibitory synaptic balance in CA1 circuits in freely moving AD mice. We found that the firing frequency was reduced in the CA1 PV of AD/ECII PN ChR2+ mice at 180 ± 5 days of age compared with age-matched controls (18.7 ± 2.1 versus 11.3 ± 1.3; mean ± s.e.m., n = 34 units per nine mice per group, P o001; t-test, Figures 3e and f) . This reduction in action potential firings in CA1 PV decreased the release of inhibitory γ-aminobutyric acid transmitter from the CA1 PV to the CA1 PN (Supplementary Figure S4) and increased the firing frequency in the CA1 PN from AD mice (3.6 ± 0.38 versus 4.8 ± 0.52; mean ± s.e.m., n = 41 units per nine mice per group, P o001; t-test, Figure 3g) . Together, the data demonstrate that the selective degeneration of the ECII PN -CA1 PV pathway disables the excitatory and inhibitory synaptic balance in the CA1 PN microcircuits and, in turn, enhances CA1 PN firing probability in the AD mice. This finding is consistent with the previous studies showing that neuronal activity in the hippocampus is dramatically increased in an early stage of AD. 30, 31 Impairments of spatial learning and memory in AD mice The failure of the excitatory and inhibitory synaptic balance in CA1 neural circuits might impair spatial learning and memory. 30, 31 We thus examined the behavioral performance of AD mice paired with control mice in the Morris water maze. Although the capability for spatial information acquisition was highly variable from mouse to mouse (Supplementary Figures S5a-e) , on average, the AD/ECII PN ChR2+ mice at 180 ± 5 days of age spent more time searching for a hidden platform in the maze during the training sessions and less time in a targeting quadrant during the probe trials than the age-matched control mice (Supplementary Figures  S5f and g ). We also analyzed the performance of AD/ECII PN ChR2+ mice in the open field. We demonstrated that the AD mice at 180 ± 5 days of age exhibit motor activities similar to those of their age-matched controls (Supplementary Figure S6) , indicating that motor activity was normal in early-stage AD in AD/ECII PN ChR2+ mice. These data are consistent with most previous reports that spatial learning and memory based on Morris water maze tests are impaired in AD/ECII PN ChR2+ mice beginning at 180 days of age. [32] [33] [34] To further determine the specific deficits of spatial learning and memory in AD mice, we carried out place cell recordings and monitored CA1 PN firing during spontaneous walking in an open field. Place-specific firing in the CA1 PN can reflect spatial retrieval, as determined by path integration-based spatial representations in the EC grid-cell network, [35] [36] [37] possibly via a direct EC-CA1 PN pathway. 18, 19, 38 Here, we found that firing maps of CA1 PN were generally focused in the control mice, whereas in AD mice at 180 ± 5 days of age, the firings became dispersed ( Supplementary  Figures S5h and i) . Thus, spatial representations are impaired in the AD mice.
Rescue of ECII PN -CA1 PV synaptic decay in AD mice Deep brain stimulation (DBS) has shown promise as a therapeutic intervention for some neurological disorders. 39 For example, DBS can mitigate symptoms in AD, 40 Parkinson's disease, 41 epilepsy 42 and depression. 43 These stimulations can induce beneficial effects in the brain. We thus determined whether the optogenetic stimulation of ECII PN in an early stage of AD could rescue ECII PN -CA1 PV synaptic loss. We tested two types of light illumination of the ECII PN of AD/ECII PN ChR2+ mice: 30 Hz blue light pulses and TBS. We found that 30 Hz light stimulations of ECII PN induced gamma oscillations (Supplementary Figure S7a) , whereas TBS induced theta oscillations in the CA1 networks of freely moving AD/ECII PN ChR2+ mice (Figure 4a and Supplementary Figure S7b) .
It was previously reported that hippocampal theta oscillations might encode an animal's position during spatial navigation. 44 Thus, we applied a TBS paradigm in AD/ECII PN ChR2+ mice beginning at 120 ± 2 days of age. We used four groups of mice: AD/ECII ChR2+ and control/ECII ChR2+ mice treated with or without the TBS paradigm. TBS was delivered using 0.2 mm optic fibers bilaterally located in the ECII regions (Supplementary Figure S7c) once per day for 35 consecutive days. Twenty-five days after the final illumination, the theta oscillations were enhanced, whereas gamma oscillations were unchanged, in the AD/ECII PN ChR2+ mice Figure S7d) .
We next recorded ECII PN -CA1 PV synaptic transmission in the slices from the control and AD mice treated with (control/TBS and AD/TBS) or without (control/non-TBS and AD/non-TBS) TBS. To exclude disturbances from other projections (that is, the ECII PN -DG-CA3-CA1 PV indirect pathway), we cut off the connections of CA3 cells in the hippocampus to the dentate gyrus (Figure 4b) . We analyzed the mean amplitude of the evoked EPSCs in CA1 PV via blue light illuminations of ECII PN (Figure 4c ) and of the miniature EPSCs (Figure 4d ) and demonstrated that TBS treatment did not alter synaptic transmission in the control mice but was effective for the reversal of the ECII PN -CA1 PV synaptic decline in the AD mice. We also examined the miniature inhibitory postsynaptic currents in CA PN , which primarily reflect the release probability of inhibitory γ-aminobutyric acid transmitter from CA1 PV to CA1 PN (Supplementary Figures S8a and b) and the firing probability of action potentials in both CA1 PN (Figure 4f ) and CA1 PV (Supplementary Figures 8Sc and d) . We found that all parameters examined in the AD/TBS mice were identical to those in the control/TBS mice, suggesting that optogenetic activation of ECII PN in the AD mice via the TBS paradigm protects against the decay of the ECII PN synaptic inputs into CA1 PV and hence restores the excitatory and inhibitory synaptic balance in CA1 PN microcircuits (Figure 4g-i) .
Next, we examined the structure of ECII PN -CA1 PV synapses in the AD mice with or without TBS treatment. At the presynaptic sites, the synaptophysin-immunoreactive terminals in the stratum lacunosum-moleculare, an afferent axon terminal zone of ECII PN in the CA1 hippocampus, were stained with an antibody against synaptophysin protein (Supplementary Figure S9a) . Our data showed that the densities of synaptophysin-labeled terminals in the stratum lacunosum-moleculare region of AD mice at 180 ± 5 days of age were 33.8 ± 3.9% lower than in the agematched controls. This reduction of excitatory synaptic terminals in the stratum lacunosum-moleculare region of the AD mice was completely rescued by TBS treatment (Supplementary Figure S9b) . At the postsynaptic sites, the dendritic spines in the CA1 PN were comparable between the groups (Supplementary Figure S9c) , but the spine densities in the CA1 PV of AD mice decreased by 28.5 ± 4.2% compared with those in age-matched controls (Supplementary Figure S9d) . Following TBS treatment, the spine density in the CA1 PV dendritic branches of the AD mice was restored to the level identical to that in control mice (Supplementary Figure S9e) . Together, these data demonstrate that TBS treatment can rescue synaptic loss in AD mice.
Rescue of learning and memory defects in AD mice We next determined whether the rescue of ECII PN -CA1 PV synaptic loss by TBS treatment intercepts spatial learning and memory decline in the AD mice. First, we examined place cell firings in freely moving mice. We found that the information density significantly increased in the TBS-treated AD/ECII PN ChR2+ mice (Figures 5a and b) and that the size of the place field became identical between AD/ECII PN ChR2+ mice and control/ECII PN ChR2+ mice (Figure 5c ). Thus, TBS treatment improves the representation and the precise spatial firing in CA1 PN . We next performed a hidden version of the Morris water maze test and found that AD/ECII PN ChR2+ mice after TBS treatment exhibited better performance in all measured indexes (Figures 5d-i) ; the latency and swim length to reach a hidden platform during the training session (Figures 5d-g ) and the percentage of time spent in search of a hidden platform in each quadrant during the probe trial (Figures 5h and i) were comparable between the AD/ECII PN ChR2+ mice and the control/ECII PN ChR2+ mice after TBS treatment. In the control mice, TBS treatment did not alter spatial learning and memory and had no effect on motor coordination based on the rotarod tests (Figure 5j), body weight (Supplementary Figure S10a) or motor activity based on the open-field tests ( Supplementary  Figures S10b and c) . Thus, optogenetic activation of ECII PN with a TBS paradigm effectively promotes the recovery of spatial learning and memory decay without altering the learning and memoryunrelated functions in AD mice.
DISCUSSION
The present study explored the synaptic mechanisms underlying spatial learning and memory defects in the AD mice, with the following three key findings. First, we uncovered that ECII PN innervate to CA1 PV via a direct pathway, and this pathway is selectively degenerated in an early stage of AD. Second, we delineated that the loss of ECII PN -CA1 PV synapses constitutes an essential cellular event for disease progression, such as memory loss, in an early stage of AD. Finally, we found that optogenetic activation of ECII PN via a TBS paradigm induces beneficial effects and effectively protects against synaptic and behavioral decays in the AD mice. Thus, the present work not only reveals the synaptic circuits of the ECII PN -CA1 PV pathway underlying impairments in spatial learning and memory but also provides a promising target for therapeutic intervention to treat disease progression in AD.
Previous studies suggested that both ECII PN and ECIII PN project their afferents to CA1 PN through two independent pathways, including the trisynaptic or indirect pathway, in which ECII PN The present study included Morris water maze tests and place cell recordings to analyze spatial learning and memory. We found that AD mice (Tg2576) exhibited memory defects beginning at 180 days of age. 32, 34, 45 Several previous studies also examined the behavioral performance of AD mice in Morris water maze tasks. Some studies reported that the AD mice exhibited a spatial memory loss at 9-10 months of age 46, 47 or after 14 months of age, 48, 49 whereas other studies clarified that the AD mice exhibited impaired spatial learning and memory at 4-6 months of age. 50, 51 One earlier study detected a memory loss in the AD mice as early as 3 months of age. 52 The discrepancies among these studies might be due to differences in experimental paradigms and the genetic background of the AD mice used in different laboratories. For example, some studies conducted training with nine trials per day for 6 days, whereas others applied 10 trials per day for 4 days. In addition, the genetic background of the AD mice might affect the outcome of the behavioral tests. In our study, the AD mice (Tg2576 but not APP/PS1, APP/PS1/Tau or 5XFAD mice) were crossed with ChR2 mice, PV-Cre mice with the C57BL/6 background. The mutant mice and the nontransgenic controls were housed in the same conditions and derived from the same litters.
DBS has shown promise as a therapeutic intervention for some neurological disorders. 39 For example, DBS can mitigate symptoms in AD, 40 Parkinson's disease, 41 epilepsy 42 and depression. 43 DBS stimulations can produce beneficial effects in the brain, such as the release of transmitters and activity-dependent neurotrophins, such as brain-derived neurotrophic factor and nerve growth factor, that are required for neuronal cell survival and regeneration. [53] [54] [55] However, these conventional strategies are limited by imprecise activation or inhibition of brain cell types/ circuits and hence generate severe deleterious effects, such as psychiatric, motor and speech problems. 56, 57 The present study overcame these limitations of electrical stimulation. We developed an optogenetic strategy to selectively activate and/or inactivate the individual excitatory/inhibitory synapses in a specific group of neurons with millisecond-scale temporal precision in a manner similar to that used in brain neuronal firing patterns. 58, 59 Thus, optogenetic stimulation is a promising strategy for AD therapy, as it does not generate obvious adverse effects in vivo.
